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Antiproton production in Ni+Ni collisions at 1.85 GeV/nucleon is studied in the relativistic
Vlasov-Uehling-Uhlenbeck model. The self-energies of the antiproton are determined from the nu-
cleon self-energies by the G-parity transformation. Also, the 6nal-state interactions of the antiproton
including both rescattering and annihilation are explicitly treated. With a soft nuclear equation of
state, the calculated antiproton momentum spectrum is in good agreement with recent experimental
data from the heavy-ion synchrotron at Gesellschaft fiir Schwerionenforschung Darmstadt. The ef-
fect due to the reduced nucleon and antinucleon masses in a medium is found to be more appreciable
than in earlier Bevalac experiments with lighter systems and at higher energies.
PACS number(s): 25.75.+r, 24.1G.Jv
The study of antiproton production in heavy-ion colli-
sions at subthreshold energies has been a topic of great in-
terest both experimentally [1—4] and theoretically [5—14].
In Ref. [14], we have studied antiproton production from
Si+Si collisions at 2.1 GeV/nucleon in the relativistic
Vlasov-Uehling-Uhlenbeck (RVUU) model [15]. Extend-
ing the RVUU model to include the antiproton degree of
freedom, we have been able to include the medium effects
on antiprotons and treat consistently their production,
propagation, rescattering, and annihilation. Because of
the attractive scalar field, both nucleon and antinucleon
masses are reduced in a medium. Assuming that the
antiproton self-energies in a medium are given by the G-
parity transformation of the nucleon self-energies, then
the vector potential for the antiproton has an opposite
sign from that for the nucleon. The vector potential
therefore does not play any role in antiproton production
as the antiproton is produced together with a nucleon
as a result of baryon conservation. The reduction of nu-
cleon and antinucleon masses in the medium then reduces
the antiproton production threshold and enhances thus
the primordial antiproton production in the dense mat-
ter formed in nucleus-nucleus collisions. In Ref. [14], our
theoretical results for the antiproton momentum spec-
trum are found to agree with experimental data from the
Bevalac at Lawrence Berkeley Laboratory [1].
Systematic measurements of antiproton production in
heavier systems and at lower incident energies are being
carried out at the heavy-ion synchrotron (SIS) at GSI [4].
Since the density reached in these collisions is higher and
the energy deficit is larger than in the experiments at
Bevalac with lighter systems and at higher energies, we
expect that the medium efFects discussed above will be
more appreciable in these collisions. In this Brief Report,
we present our calculation of antiproton production in
Ni+Ni collisions at 1.85 GeV/nucleon and compare the
results with recent experimental data from SIS [4].
The calculation is carried out in the same way as in Ref.
[14]. We use two sets of parameters for the nuclear equa-
tion of state as given in Ref. [14]. They lead to the same
binding energy and nucleon efFective mass at the same
saturation density but difFer in the incompressibility of
the nuclear matter. The one with an incompressibility of
200 MeV corresponds to the soft equation of state, while
the incompressibility of the stifF equation of state is 380
MeV. We note that although the nucleon effective mass
(m& — 0.83m~) at saturation density is the same for
the two set of parameters, it differs at higher densities
and is smaller for the soft equation of state than for the
stifF equation of state (see Ref. [14]).
The nucleon effective mass also depends on the temper-
ature of the medium. In the Walecka model, the nucleon
mass at finite density is slightly increasing for the tern-
perature range encountered in heavy-ion collisions at SIS
energies [16]. A similar temperature dependence of the
constitutent quark mass has also been found in calcula-
tions based on the Nambu —Jona-Lasinio model [17,18].
This small change of the nucleon mass with temperature
is thus not too important. It is, nevertheless, implic-
itly included in our transport model as we determine at
each time step and for each cell the local effective mass
as a function of local baryon density and average kinetic
energy. The latter is related to the temperature in an
equilibrium description.
Antiprotons are produced from BiB2 ~ NNpp, where
Bi and B2 are either a nucleon or a A. Higher baryon
resonances are not included in our calculation. In Ref.
[12], subthreshold antiproton production has also been
studied using the relativistic quantum molecular dynam-
ics where all baryon resonances with masses below 2 GeV
are included. However, no specific information is given
regarding the importance of the contribution from higher
resonances relative to that from the A. It; has been shown
in Ref. [19] from the total photonuclear cross section that
the widths of higher baryon resonances increase substan-
tially already at normal nuclear matter density. To treat
these broad and mostly overlapping baryon resonances
as elementary particles in a dense matter may thus be
questionable.
Antiprotons can also be produced from pion-baryon
interactions. In our model pions are produced from the
decay of L's and thus materialize at the later stage of
heavy-ion collisions when the system already starts to
expand and baryons have therefore less kinetic energies.
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Also, at the expansional stage, the efFect of reduced nu-
cleon mass is less significant because the density is not
high. The chance that a proton-antiproton pair is pro-
duced &om the pion-baryon interaction is thus smaller
than that &om the energetic baryon-baryon collisions
occurring at the compressional stage of heavy-ion col-
lisions. In Ref. [12], the situation is different as mesons
(including higher mass ones in addition to pions) are pro-
duced &om string breaking and thus are present already
at the early stage of heavy-ion collisions. The meson-
baryon contribution in Ref. [12] is about 50% of the total
antiproton yield. We expect that the pion-baryon con-
tribution in our approach is about 20—30% of the total
antiproton yield, similar to the pion-baryon contribution
to subthreshold kaon production [20,21]. As the medium
effects discussed in this paper are more significant than
the pion-baryon contribution, we shall neglect the latter
in present work.
In the free space, the antiproton production cross
section &om the process BiB2 ~ NNpp has been
parametrized in Refs. [9,14] by o~z z (+s) = 0.012 (Qs-
~so) s, where +s is the center-of-mass energy of the
colliding baryons and ~so —4m is the antiproton pro-
duction threshold energy. In a medium, the reduced
nucleon and antinucleon masses should enter in the an-
tiproton production cross section not only into Qs and
~so but also into other parameters. Due to the lack of
knowledge of the process in a nuclear medium and for an
exploratory study of antiproton production in heavy-ion
collisions, we assume that the cross section has the same
form as that in free space, with corresponding energy and
threshold replaced by the medium-dependent ones, i.e.,
~~ ~
(~s*) = O.O12 (~s* —
~so)"4'.
We note that, within the mean-field approximation and
under the G-parity transformation, the vector potential
energy is the same in both the initial and the final state
of the reaction BqB2 ~ NNpp, and thus does not play
any role in antiproton production. The total center-of-
mass energy ~s' of the colliding pair of baryons is thus
given by
should be added to the mean-field contribution. In Ref.
[13], the dispersive correction &om antiproton annihila-
tion has been evaluated and is found to be appreciable.
However, the dispersive correction, which involves higher
order loop diagrams, is expected to be somewhat sup-
pressed in heavy-ion collisions due to the highly nonequi-
librium nature of the dynamics. As an exploratory study
and since no dispersive corrections have been added to
either the nucleon or the pion mean-Geld potential in the
transport model, we neglect thus the dispersive contribu-
tion to the antiproton potential in the present calculation
and plan to address this question in the future.
The final-state interactions of primordial antiprotons
with baryons are explicitly treated in our calculation.
These include the propagation of antiprotons in the
mean-field potential and their elastic rescattering and an-
nihilation by baryons. The mean-field potential is deter-
mined from the self-energies of the antiproton. For both
elastic scattering and annihilation, the cross sections in
free space as parametrized in Ref. [22] are used in the
calculation.
The theoretical results shown below are obtained with
the soft equation of state and including all medium ef-
fects, unless otherwise explicitly stated. In Fig. 1 we
show the antiproton abundance as a function of time for
a head-on (b=0 fm) Ni+Ni collision at 1.85 GeV/nucleon.
The dashed and the solid curves give the primordial and
the final antiproton (after taking into account annihi-
lation) abundance, respectively. The primordial antipro-
ton abundance is about 1.7x10 but is reduced to about
2.2x 10 7 due to annihilation. So only about 1.3% of pri-
mordial antiprotons can escape from the dense hadronic
matter and be detected. Comparing with the results from
the Si+Si collision [14], we find that the annihilation ef-
fect is more appreciable in a heavier system like Ni+Ni.
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where m,' and p,' (i=1,2) are, respectively, the effective
mass and kinetic momentum of the colliding baryons.
The antiproton production threshold in the medium is
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~s,* = 4m*. (3)
In the reaction B1B2 -+ NNpp, about twice nucleon ef-
fective mass [Eq. (2)] is involved in the initial state,
while four times nucleon effective mass [Eq. (3)] appears
in the final state; the decrease of the nucleon and antinu-
cleon masses in dense medium leads to a reduction of the
threshold and thus an enhanced production of antipro-
tons &om heavy-ion collisions.
In writing down Eqs. (2) and (3) we include only
mean-field contributions to the antiproton self-energies.
In principle, the dispersive correction due to both an-
tiproton elastic scattering and annihilation by a nucleon
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FIG. 1. Time evolution of antiproton abundance and cen-
tral density. The dashed and the solid curves correspond to
the primordial and the final (with antiproton annihilation ef-
fect included) antiproton abundance, respectively. The dotted
curve gives the central density.
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FIG. 2. Antiproton momentum spectrum at 8~ b —0 in a
Ni+Ni collision at 1.85 GeV/nucleon. The dashed curve is for
the primordial antiprotons, while the solid curve is the 6nal
result obtained with antiproton propagation, elastic rescatter-
ing, and annihilation. The experimental data are taken from
Ref. [4].
We also show in this figure by the dotted curve the tixne
evolution of the central density p/po (po —0.17 fm ).
It is clearly seen that antiprotons are produced in the
high density region where the reduction of the production
threshold is most appreciable. As in the Si+Si collision
[14], antiprotons are mainly produced from the nucleon-
delta interaction.
The comparison of our theoretical results with the ex-
perixnental data is given in Fig. 2, where the antiproton
production cross section is plotted as a function of the an-
tiproton momentum in the laboratory. The dashed curve
gives the results for the primordial antiprotons, while the
solid curve is the final antiproton spectrum with all final-
state interactions (propagation in the mean-field poten-
tial, elastic rescattering, and annihilation) taken into ac-
count. The recent experimental data from SIS [4] are
shown in the figure by solid circles. It is seen that the
theoretical results are in reasonable agreexnent with the
data [4]. The calculated cross section at pi b = 1.0
GeV/c is somewhat below the experimental value which
has, however, a large error.
The effect of the nuclear equation of state on antipro-
ton production is shown in Fig. 3. It is seen that the
antiproton production cross section with the stiff equa-
tion of state is about a factor of 2—3 smaller than that
with the soft equation of state and is thus below the ex-
perimental data by the same factor. This is due to the
larger incompressibility (thus a larger compressional en-
ergy) and effective mass at high densities (thus a higher
threshold) in a stifF equation of state than those in a
soft equation of state. The effect due to the equation
of state is more significant than in the Si+Si collision
at 2.1 GeV/nucleon where we have found that the an-
tiproton yield using a soft equation of state is only about
50'%%uo larger than that using a stifF equation of state [14].
Given the uncertainties in the antiproton production and
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FIG. 3. Same as Fig. 2. The solid and the dashed curve
are the results obtained with the soft and the stifF equation
of state, respectively.
annihilation cross sections in a medium, it is, however,
premature to conclude that the soft equation of state is
favored by the antiproton data Rom heavy-ion collisions
at subthreshold energies.
The reduction of in-medium nucleon and antiproton
masses is expected to lead to an enhancexnent of pri-
mordial antiproton production as a result of the decreas-
ing production threshold. To see this explicitly, we have
carried out three calculations for the antiproton produc-
tion cross section. The first calculation is done in the
usual nonrelativistic VUU model, using a soft Skyrme
parametrization for the equation of state (K = 200 MeV)
[23]. In this case, baryon masses do not change with
density as the mean-field potential is momentum inde-
pendent. Bare nucleon and antiproton masses are thus
used in Eqs. (1)—(3). The result is shown in Fig. 4 by
the dotted curve. The other two calculations are carried
out in the RVUU model. In one calculation, the bare
antiproton mass is used, i.e., only the nucleon mass de-
creases with density. The threshold in this case is thus
3m' + m. The result of this calculation is shown in Fig.
4 by the dashed curve. The antiproton production cross
section in this case (dashed curve) is enhanced by about
a factor of 12 over the result with the bare nucleon mass
(dotted curve). In the final calculation, both the nucleon
and the antiproton effective mass are used and the thresh-
old is therefore 4m*. The result is shown in Fig. 4 by
the solid curve. It is seen that the antiproton production
cross section is further enhanced by about a factor of 8
as compared to the second case. Overall, the antiproton
production cross section is enhanced by about two orders
of magnitude due to the reduction of baryon masses in a
medium. In Ref. [14], we have found that for Si+Si col-
lisions at 2.1 GeV/nucleon, the overall enhancement fac-
tor of antiproton yield due to dropping nucleon and anti-
nucleon masses in a medium is about 20. The medium
efFects are thus more clearly seen in heavy-ion collisions
with heavier systems and at lower incident energies.
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FIG. 4. Same as Fig. 2. The dotted curve gives the re-
sults obtained from the nonrelativistic VUU calculation. The
results obtained from the RVUU calculation with the bare
antiproton mass are given by the dashed curve. The solid
curve gives the results of the RVUU calculation with both
the nucleon and the antiproton in-medium mass.
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Antiproton production in the Ni+Ni collision at 1.85
GeV/nucleon has also been studied by Teis et al. [13]
based on a relativistic transport model that is similar to
ours. They need, however, only a moderate attractive an-
tiproton potential to account for the experimental data.
This is due to the smaller nucleon efkctive mass in their
calculation than in ours as a result of a stronger attrac-
tive scalar potential at high densities. Since the prop-
erties of a nucleon at high densities have not been well
determined, whether the antiproton has a strong attrac-
tive potential in dense medium is still an open question,
and more theoretical study is therefore needed.
In summary, we have calculated the antiproton pro-
duction cross section in the Ni+Ni collision at 1.85
GeV/nucleon within the relativistic Vlasov-Uehling-
Uhlenbeck model that has been extended to include the
antiproton degree of freedom. The nucleon self-energies
have been calculated in the nonlinear cr-~ model, while
the antiproton self-energies are obtained &om the nucleon
self-energies by the G-parity transformation. Because of
the attractive scalar potential, both nucleon and antipro-
ton masses decrease with increasing density. The an-
tiproton 6nal-state interactions with baryons have been
explicitly treated in the calculation. With a soft equation
of state, our theoretical results are in good agreement
with recent experimental data from the SIS at GSI [4].
Our study confirms thus the conclusion of Ref. [14] that
it is essential to include the attractive scalar potentials
for both nucleon and antinucleon in accounting for the
measured antiproton yield.
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